In vertebrate neuromuscular junctions, ATP is stored at the motor nerve terminals and is co-released with acetylcholine during neural stimulation. Here, we provide several lines of evidence that the synaptic ATP can act as a synapse-organizing factor to induce the expression of acetylcholinesterase (AChE) and acetylcholine receptor (AChR) in muscles, mediated by a metabotropic ATP receptor subtype, the P2Y 1 receptor. The activation of the P2Y 1 receptor by adenine nucleotides stimulated the accumulation of inositol phosphates and intracellular Ca 2ϩ mobilization in cultured chick myotubes. P2Y 1 receptor mRNA in chicken muscle is very abundant before hatching and again increases in the adult. The P2Y 1 receptor protein is shown to be restricted to the neuromuscular junctions and colocalized with AChRs in adult muscle (chicken, Xenopus, and rat) but not in the chick embryo. In chicks after hatching, this P2Y 1 localization develops over ϳ3 weeks. Denervation or crush of the motor nerve (in chicken or rat) caused up to 90% decrease in the muscle P2Y 1 transcript, which was restored on regeneration, whereas the AChR mRNA greatly increased. Last, mRNAs encoding the AChE catalytic subunit and the AChR ␣-subunit were induced when the P2Y 1 receptors were activated by specific agonists or by overexpression of P2Y 1 receptors in cultured myotubes; those agonists likewise induced the activity in the myotubes of promoter-reporter gene constructs for those subunits, actions that were blocked by a P2Y 1 -specific antagonist. These results provide evidence for a novel function of ATP in regulating the gene expression of those two postsynaptic effectors.
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In vertebrate neuromuscular junctions, acetylcholine receptors (AChRs) and collagen-tailed acetylcholinesterase (AChE) become localized and densely clustered, although the mechanisms and interactions (Duclert and Changeux, 1995; Krejci et al., 1999; Sanes and Lichtman, 1999) that are involved are different. For AChR in muscle, also, biosynthesis is regulated by nerve-derived factors, which include calcitonin gene-related peptide (CGRP) (New and Mudge, 1986; Fontaine et al., 1987) , ascorbic acid (Horovitz et al., 1989) , and neuregulin (Sandrock et al., 1997) . Simultaneously, the nerve evokes muscle cell electrical activity that suppresses AChR synthesis in the extrasynaptic regions (Duclert and Changeux, 1995) ; hence, focalization of AChRs at the synapse occurs.
ATP is an additional potential trophic factor for endplates. ATP is co-stored in and constantly co-released quantally with acetylcholine (in a ratio of ϳ1:6) from the nerve terminals in vertebrate skeletal muscles (Silinsky and Redman, 1996) or electroplaques (Israel and Dunant, 1998) . The action of released ATP would be confined locally by its subsequent hydrolysis to adenosine by ectonucleotidases (Redman and Silinsky, 1994; Zimmermann, 1999) . Receptors for extracellular ATP (P2 receptors) would become activated if present at or near the junctions. P2 receptors are nucleotide receptors, either ionotropic (P2X) or G-protein coupled (P2Y) (North and Barnard, 1997; Ralevic and Burnstock, 1998) . Nine P2Y subtypes (of varying nucleotide agonist specificities) in mammals and birds are known by cloning and expression, although species ortholog are not always clear .
Indeed, earlier studies have suggested that ATP could exert effects on neuromuscular transmission. In skeletal muscles, exogenous ATP can potentiate responses to acetylcholine (Ewald, 1976; Akasu et al., 1981; Lu and Smith, 1991) . In Xenopus embryonic nerve-muscle cocultures, focal application of ATP increased spontaneous synaptic currents, whereas on myocytes it potentiated the response to acetylcholine (Fu et al., 1997) . These ATP-induced effects were blocked by general antagonists for P2 receptors and by protein kinase C (PKC) inhibitors and were not caused by adenosine receptors (Lu and Smith, 1991; Fu et al., 1997) . Pharmacological and patch-clamp evidence on those responses to ATP on chick and mammalian muscle cells (Häggblad and Heilbronn, 1988; Lu and Smith, 1991; Fu et al., 1997; Henning, 1997 ) generally correspond to the now-known P2Y class of receptors. However, ion channels directly opened by ATP are also detectable on embryonic muscle cells from chicken (Kolb and Wakelam, 1983; Thomas et al., 1991) and mammals (for review, see Henning, 1997) . Possible trophic effects in muscles of ATP mediated by either P2Y or P2X receptors now merit consideration.
Here we have examined actions of nucleotides on skeletal muscle cells in terms of current molecular knowledge of P2 receptors. In chick myotubes, the signaling responses showed a major contribution of the P2Y 1 receptor subtype. In chicken and rat muscle, the expression and development of P2Y 1 receptors and their localization in relation to the neuromuscular junctions were demonstrated. Further results support a novel function of synaptic ATP and its activation of P2Y 1 receptors in the regulation of gene expression of postsynaptic AChR and AChE.
MATERIALS AND METHODS
Materials. C ell culture media, fetal calf or horse sera, and other cell culture reagents were from Life Technologies (Grand Island, N Y) . UTP and UDP were ultra-pure grade from Amersham Pharmacia Biotech (Little Chalfont, UK). Other P2Y receptor agonists and antagonists were the purest grades available from either Research Biochemicals International (Natick, M A) or Sigma (St. L ouis, MO). These included adenosine 3Ј-5Ј-bismonophosphate (sodium salt; A3P5P), ATP (disodium salt), ADP (sodium salt), ␣,␤-methyleneadenosine 5Ј-triphosphate (lithium salt; ␣␤-meATP), 2-methylthioadenosine 5Ј-triphosphate (tetrasodium salt; 2-MeSATP), 2-methylthioadenosine diphosphate (trisodium salt; 2-MeSADP), pyridoxal-phosphate-6-azophenyl-2Ј 4Ј-disulfonic acid (tetrasodium salt; PPADS), Reactive blue 2 (RB-2), and suramin. The commercial antibodies were purchased from Sigma or C appel (Durham, NC), and tetramethylrhodamine-conjugated-␣-bungarotoxin (TMRBuTX) was from Molecular Probes (Eugene, OR). Radiochemicals were from Amersham Pharmacia Biotech. Apyrase (Grade V II) was also from Sigma, and other reagents of unspecified source were analytical grades.
P urit y of nucleotides. ADP, 2-MeSADP, and UDP stock solutions (1 mM) were preincubated with 20 U/ml yeast hexokinase (Roche Biochemicals, Lewes, UK) in Buffer A (2.5 mM MgC l 2 /50 mM H EPES, pH 7.3) containing 25 mM glucose at 37°C for 30 min (90 min for UDP) to remove all contaminating triphosphates (Boyer et al., 1996) . ATP and 2-MeSATP stock solutions (1 mM) were pretreated in Buffer A with 20 U/ml creatine phosphokinase (C PK ; Sigma) and 10 mM creatine phosphate (C P; Sigma) at room temperature for 90 min to remove all contaminating diphosphates, as described and validated elsewhere . UTP (10 mM) was treated similarly but for 3 hr and with C P at 50 mM, because of its higher K m and lower V max. During the incubations for the inositol phosphate assays and for the stimulation of myotube expression of AChE /AChR or promoter activity, when triphosphate agonists were used C PK was also present throughout at 2 U/ml, C P at 5 mM, and Mg 2ϩ at 2.5 mM. When diphosphate agonists were used, hexokinase was present at 2 U/ml, glucose at 5 mM, and Mg 2ϩ at 2.5 mM. Those media used alone in the control incubations in each case had no effect. For the longer incubations with an agonist, renewals at intervals of the agonist and that medium were also made, as stated.
Animals. Pectoral muscles of New Hampshire chickens at the stated ages were collected immediately after chickens were killed, frozen in liquid nitrogen, and stored at Ϫ80°C for total RNA extraction. For reversible denervation, post-hatch day (P) 18 chicks or adult rats (ϳ300 gm) were f ully anesthetized with isoflurane, and ϳ5 mm of the left sciatic nerve was removed using aseptic surgical technique (Ip et al., 1996) . Gastrocnemius muscle of the operated side was collected immediately after the animal was killed at the indicated time points after the surgery, frozen in liquid nitrogen, and stored at Ϫ80°C. Nerve crush was performed with a prechilled fine forceps on the left sciatic nerve in the upper thigh of chicks or rats, and the gastrocnemius muscles were collected similarly. All procedures conformed to the Guidelines by Animal Research Panel of Hong Kong University of Science and Technology for the use and care of laboratory animals in research.
Cell cultures. Primary chick myotube cultures were prepared from hindlimb muscles dissected from 11-d-old chick embryos as described previously (Fischbach, 1972 ; modified by Tsim et al., 1992) . The muscle cells were cultured in Eagle's M EM supplemented with 10% heatinactivated horse serum, 2% (v/ v) chick embryo extract, 1 mM L-glutamine, 100 U/ml penicillin, and 100 g /ml streptomycin. The cultures were then incubated at 37°C in a water-saturated 5% C O 2 atmosphere. Myotubes were treated with a mitotic inhibitor (10 M cytosine arabinoside) at day 3 after plating and used on day 4. C OS-7 cells were cultured in 100 mm culture dishes in DM EM with 10% fetal calf serum, 100 U/ml penicillin, and 100 g /ml streptomycin at 37°C in a humidified atmosphere of 5% C O 2 . Because skeletal muscle cell cultures can release some ATP into the medium and can also convert it there to ADP, and because over longer periods these agents may give some desensitization of P2Y receptors, they were pretreated with apyrase (2 U/ml) for 1 hr or when loading with [ 3 H]myoinositol (24 hr) to eliminate all such free nucleotides, before a gentle wash and drug application in apyrase-free medium.
Inositol phosphate and cA MP accumulation assays. Inositol-free DM EM (750 l), containing 10% horse serum and 2.5 C i /ml [ 3 H]myoinositol and apyrase (2 U/ml) to prevent desensitization by released nucleotides, was added to cultured myotubes and incubated 24 hr. The labeled media were subsequently replaced by 1 ml of inositol phosphate assay medium (DM EM buffered with 20 mM H EPES, pH 7.5) with apyrase also present at 0.2 U/ml and f urther incubated 1 hr to reduce basal inositol phosphate level. The media were then replaced by fresh inositol phosphate assay medium, apyrase-free but with the usual inositol phosphatase inhibitor LiC l (20 mM) present, and incubated for a f urther 10 min. After one gentle replacement by the same medium, the appropriate agonists were applied in a final volume of 1 ml, and the cells were incubated at 37°C for 30 min. In these assays the medium also contained the protective enzyme mixture as noted above. Reactions were then stopped by the addition of 750 l of ice-cold 20 mM formic acid and held at 4°C for 1 hr. The total [
3 H]inositol phosphates were separated from other labeled inositol species by sequential ion-exchange chromatography as described previously (Tsu et al., 1995) . cAM P assays were performed as described previously (Choi et al., 1998 Calcium imag ing. Myotubes were grown at 37°C on 25-mm-diameter coverslips, incubated with apyrase (2 U/ml, 1 hr), and gently washed with culture medium. The calcium-indicator dye, calcium green-1 conjugated to 10 kDa dextran (Molecular Probes), together with heparin (5 mg /ml) where stated, was loaded into them by electroporation (1.1 kV/cm electroporation intensity, 2 msec pulse width, and 10 pulses per train) (Chang, 1997) . During the recovery period, apyrase (2 U/ml) was again present. After 2-3 hr incubation, each coverslip was washed and transferred in culture medium to a temperature (37°C)-controlled microincubation chamber mounted on the stage of a Z eiss Axiovert 35 microscope. With excitation at 488 nm, the calcium green-1 fluorescence images were recorded at 529 nm using a digital imaging system with a cooled CCD camera (MicroMax, Princeton Instruments, Trenton, NJ) and MetaMorph Image-processing software v3.0 (Universal Imaging, Hollis, N H), and ligand was applied as stated. The calibration curve relating calcium concentration to the fluorescence intensity was determined and used according to a previously described method (Kao, 1994) .
Microphysiometr y. Functional assays using microphysiometry were performed according to the methods of Pitchford et al. (1995) . Briefly, 5-d-old cultured chick myotubes in capsules were transferred to microphysiometer sensor chambers (C ytosensor; Molecular Devices, Sunnyvale, CA) at 37°C and equilibrated by perf usion for 2 hr in running medium (DM EM supplemented with 0.1% bovine serum albumin, adjusted with NaOH to pH 7.38). When stable acidification rates were established thus, cells were exposed for 6 min to various agents in the running medium at a flow rate of 100 l /min. The acidification rates were measured at 2 min intervals. The pH changes were converted by the sensor computer program to H ϩ ion output from the cells. Northern blots. Total RNA was prepared from the tissues or cells using the LiC l method (Sambrook et al., 1989) , and the RNA samples were electrophoresed through a 1% formaldehyde gel. RNA concentration and purity were determined by UV spectrometry, and a nominal loading of 30 g per lane was used. After electrophoretic separation, RNA bands were transferred to a charged nylon membrane and were UV crosslinked. Blots were hybridized in turn with the following probes (from within, or spanning all, the coding sequence): ϳ1.5 kb chick P2Y 1 receptor cDNA (Webb et al., 1993) , ϳ0.6 kb from the chick AChE catalytic subunit cDNA (Tsim et al., 1992) , ϳ1.2 kb from the chick AChR ␣-subunit cDNA (Pun and Tsim, 1997) , ϳ0.5 kb from the rat P2Y 1 receptor cDNA (Tokuyama et al., 1995) (between bases 930 and 1390), and ϳ1.9 kb rat AChR ␣-subunit (Ip et al., 1996) . Probes were labeled with [␣- 32 P]dC TP; the hybridization was performed at 42°C overnight in 40% deionized formamide, 5ϫ Denhardt's solution, 0.5% SDS, 5ϫ SSC, 10% dextran sulfate, and 0.1 mg /ml denatured salmon sperm DNA. After hybridization, filters were washed twice with 2ϫ SSC with 0.1% SDS at room temperature for 30 min each, and then twice with 0.1ϫ SSC with 0.1% SDS at 55°C for 30 min each (Sambrook et al., 1989) . The filters were then exposed to x-ray film with double intensif ying screens at Ϫ80°C to suitable intensity. Quantitation was made for samples run on the same gel. On bands scanned on an image analyzer, the relative densities were determined within the linear region of a calibration curve constructed with parallel samples containing 32 P microscale standards. Ribosomal RNA was stained with ethidium bromide, and the 28S band was quantitated by a parallel method to allow correction for the loading in each lane.
Reporter gene constructs and transfections. The cDNA (ϳ2.2 kb) encompassing the human AChE promoter (Ben Aziz-Aloya et al., 1993) (a gift from H. Soreq, Hebrew University of Jerusalem) and the ϳ930 bp chick AChR ␣-subunit promoter region excised from a pnlacZ plasmid (Sanes et al., 1991 ) (a gift from J. Sanes, Washington University) were subcloned into a pGL3 vector that contained a luciferase gene downstream (Promega, Madison, W I). This resulted in the following reporter gene expression vectors: pAChE-L uc for the human AChE promoter and pAChR␣-L uc for the chick AChR ␣-subunit promoter. The f ull-length cDNA encoding the chicken P2Y 1 receptor in a mammalian expression vector, as described previously (Webb et al., 1993; Simon et al., 1995) , was cotransfected where stated. Myoblasts from 11 d chick embryos were cultured for 2 d and then transfected transiently with the purified plasmids (2 g per well in 12-well plates) by standard calcium precipitation (Pun and Tsim, 1997) , and they were allowed to f use as myotubes. C OS-7 cells were transfected by DEAE Dextran method to express the chick P2Y 1 receptor and cultured in their medium (see above) a f urther 48 hr before use. The transfection efficiency was determined in test cases in which cells were cotransfected with ␤-galactosidase cDNA in the same vector, followed by enzymatic staining. The transfection efficiency in myoblasts was consistently from ϳ15 to 20%, whereas C OS-7 cells showed a transfection efficiency of Ͼ40%.
Western blotting for AChE. Cultured myotubes were collected and homogenized in 10 mM H EPES, pH 7.5, 0.5% Triton X-100, 5 mM EDTA, 5 mM EGTA, 1 mg /ml bacitracin, and 1 M NaC l and centrif uged at 12,000 ϫ g for 5 min. The supernatant was used for both enzymatic assay and immunoblotting. In immunoblotting, the sample was denatured at 100°C for 5 min in SDS sample buffer, pH 7.5, containing 1% SDS and 1% dithiothreitol. The proteins were then separated on a 7.5% SDSpolyacrylamide gel and electroblotted onto nitrocellulose filters for 16 hr . The blot was incubated (1 hr, 37°C) with 5% nonfat dried milk as blocking agent in 20 mM Tris/137 mM NaC l /0.1% T ween 20, pH 7.6. After washing in the latter medium alone, purified monoclonal antibody ACB-1 to the chick AChE catalytic subunit (Tsim et al., 1988 ) (5-10 g /ml) or anti-␣-tubulin antibody (1:5000) was applied, followed by peroxidase-conjugated goat anti-mouse Ig antibody [with procedures as in Tsim et al. (1988) ]. The immunoreactive band present in each case was visualized by chemiluminescence according to the ECL protocol (Amersham Pharmacia Biotech) under strictly standardized conditions. The labeling intensities of the protein band from the control and from the agonist-stimulated samples, run in the same gel, were compared by densitometry as for Northern blots in the nonsaturating range of calibration curves constructed with serial dilutions of parallel samples.
Pol yclonal antibody against chick en P2Y 1 receptor and labeling of receptors in muscles. A cDNA encoding the thioredoxin protein in the prokaryotic expression vector pET32 (Novagen, Madison, W I) was tagged in-frame at its 5Ј end with nucleotides 1143-1417 of the chicken P2Y 1 receptor cDNA sequence as described and numbered in Webb et al. (1993) , corresponding to its final C -terminal residues 320 -362. That sequence is beyond the last accepted transmembrane domain and has no homology with any other P2Y receptor. This plasmid was used to transform Escherichia coli strain BL21 (Lys S) to obtain overexpression of the f usion protein. The latter was purified using the Novagen protocol, and rabbits were each immunized three times with it. Antibodies were purified by protein-A affinity chromatography (High Trap column, Amersham Pharmacia Biotech). The polyclonal antibody was used at ϳ20 g /ml in immunohistochemistry on muscle sections (20 m), with fluorescein-5-isothiocyanate-conjugated goat anti-rabbit Ig second antibody, by methods described elsewhere for other antibodies . The sections were double labeled for P2Y 1 receptor thus and for AChR with 10 Ϫ 8 M TMR-BuTX . Staining was viewed under a 20 -40ϫ objective alternately with phase-contrast and fluorescence optics, the latter using excitation at 555 or 488 nm and emission at 580 or 515 nm for rhodamine or fluorescein, respectively. To measure percentage colocalization in chick muscle, ϳ50 fields were selected at random, and all sites therein that were clearly labeled with either stain and not coinciding with the other stain were taken as not colocalized and compared with the total number of discrete sites seen for both stains. This exaggerates somewhat the colocalization at early stages (up to approximately hatching), where some of the noncoincident staining was too diff use to assign, but the diff use staining had essentially disappeared after day 4.
Other assays. AChE activity was determined by the Ellman spectroscopic method in a medium containing 0.1 mM tetraisopropylpyrophosphoramide to inhibit chick butyrylcholinesterase (Tsim et al., 1988) . For luciferase assay, the cultures were washed in PBS and resuspended in 0.2 ml lysis buffer (0.1 M potassium phosphate, pH 7.8/0.2% Triton X-100/1 mM dithiothreitol). The lysates were then centrif uged at 15,800 ϫ g for 2 min, and the supernatants were used to assay the luciferase activity according to the manufacturer's instructions (Tropix, Bedford, M A). The reaction was quantified on the Tropix TR717 microplate luminometer. Protein concentrations were measured throughout by the method of Bradford (1976) .
RESULTS

Pharmacological properties of P2Y receptors in chick skeletal muscle cells
The effects of various agonists or antagonists of P2Y receptors on second messenger responses were tested in cultured chick myotubes. Included as selective agonists in these and later experiments were 2-MeSATP and 2-MeSADP: the former selects P2Y 1 (Filippov et al., 2000) among all known P2Y receptors, and the latter selects P2Y 1 among all known P2Y and P2X receptors [the one exception being P2Y 12 , a platelet receptor unknown in muscle cells and linked to adenylate cyclase inhibition ], a transduction absent here (Fig. 1 B) . Chick myotubes were previously known (Häggblad and Heilbronn, 1988) to show an increase in inositol phosphates when treated with ATP, but the P2Y receptors were then unknown and impure ATP was in use. Here, application of purified ATP or 2-MeSATP or 2-MeSADP increased significantly the accumulation of inositol phosphates in a dose-dependent manner (Fig. 1 A) . Under the same assay conditions, application of those agents up to 1 mM showed no change in the intracellular cAMP level (Fig. 1 B) . Stimulation by forskolin served as a positive control and showed a ϳ17-fold increase in cAMP level; none of the nucleotide treatments used inhibited that forskolin response (Fig. 1 B) .
For comparison, COS-7 cells transiently expressing the recombinant P2Y 1 receptor were treated under the same conditions. The line of COS-7 cells used contains endogenous receptors that behave similarly to P2Y 2 receptors, and these untransfected cells responded to ATP and UTP but not to the P2Y 1 agonists 2-MeSADP or 2-MeSATP (Fig. 2) . In the COS-7 cells heterologously expressing the P2Y 1 receptor, the intracellular level of inositol phosphates was increased by the application of 2-MeSATP, 2-MeSADP, or ATP, as in myotubes (Fig. 2) . Under these conditions adenosine was inactive, showing that no fraction of the response to ATP in the myotubes (Fig. 2) is due its degradation to adenosine and subsequent activation of adenosine receptors. The P2Y 1 -specific antagonist A3P5P (Boyer et al., 1996) , as well as the wide-range P2 antagonists PPADS, RB2, and suramin, were each able to block completely the accumulation of 2-MeSADP-induced inositol phosphates in the myotubes, as with the recombinant P2Y 1 receptor (Fig. 2) . UTP, which has negligible activity at the chicken P2Y 1 receptor, is active on the myotubes (Fig. 2) . Overall, the patterns of second messenger responsiveness and of agonist and antagonist selectivity on the chick muscle cells could be accounted for by a predominant P2Y 1 receptor subtype together with a smaller contribution from one or more other receptors activated by UTP and ATP. This would also account for the biphasic form of the ATP concentration-response curve and for the greater response to ATP than to 2-MeSADP or 2-MeSATP (Fig. 1 A) .
The additional P2Y receptor subtype(s) could not be identified at present, because only the P2Y 1 , P2Y 3 , and P2Y 5 receptors have been cloned from chicken. The chicken P2Y 3 receptor (which is highly sensitive to UDP) is not expressed in chick muscle , nor is the P2Y 5 receptor [which has recently been shown to give f unctional responses to ATP in heterologous expression (K ing and TownsendNicholson, 2000) ]. The total absence of the mRNA of either of these in the myotubes was confirmed by Northern blotting (data not shown). The P2Y 4 receptor of the rat (Webb et al., 1998) and the P2Y 2 receptor as cloned from several mammals (L ustig et al., 1993; Parr et al., 1995) are activated by UTP and ATP and insensitive to 2-MeSATP or 2-MeSADP; the presence of a chick ortholog of either (or both) would account for the additional component seen here.
Functional analysis was also performed using microphysiometry, which sensitively detects a change of extracellular pH during agonist application. In chick myotubes, ATP, 2-Me-SATP, and 2-MeSADP each induced a significant change in the H ϩ output, but not ␣␤-meATP (Fig. 3) . The 2-MeSADPinduced activation was blocked by the P2 antagonists RB-2, PPADS, and suramin and by the P2Y 1 -selective antagonist A3P5P (Fig. 3) . These agonist and antagonist selectivities again reflect the pharmacological characteristics of a P2Y 1 receptor in chick myotubes.
ATP-induced calcium mobilization
Mobilization of Ca 2ϩ from cytosolic stores during activation by ATP and ADP is a well established consequence of P2Y 1 receptor activation in other cell types. Chick myotubes in culture were preloaded with calcium green-1, and the mobilization of cytosolic Ca 2ϩ during agonist stimulation was monitored by the induced fluorescence in real time in the fluorescence microscope. The cytosolic Ca 2ϩ sharply increased across the myotube in Ͻ30 sec Figure 1 , were exposed for 6 min to the agonists shown (50 M, superfused at 100 l/min). B, Treatment with 50 M 2-MeSADP, alone or (right-hand set of bars) plus the antagonists shown (concentrations as in Fig. 2) . The H ϩ output from the cell to the medium, which induced a change of pH, was determined by the sensor. Values are expressed as the ratio to the basal level (i.e., where no drug was present in the perfusing medium). Data are mean Ϯ SEM values for four independent experiments, each with triplicate samples.
after the application of ATP (Fig. 4 A) . The time course of the Ca 2ϩ signal is plotted in Figure 4 B for three P2Y 1 receptor agonists. The calculated mean Ca 2ϩ concentration changed from ϳ0.09 M in the resting state to ϳ0.5 M in the stimulated state. The general P2 antagonist, suramin, blocked the 2-MeSADPinduced cytosolic Ca 2ϩ accumulation; it was also completely blocked by preloading the cells with heparin, an antagonist of inositol trisphosphate receptors (Wu et al., 2000) . In addition, it was unchanged when the myotubes were cultured in Ca 2ϩ -free medium (Fig. 4 B) . Hence, the source of the induced accumulation was confirmed to be the intracellular stores.
It was found reproducibly that a doublet of C a 2ϩ waves was induced by ATP, in contrast to the single C a 2ϩ transient seen with 2-MeSADP and 2-MeSATP (Fig. 4 B) . Such multiple C a 2ϩ responses have been seen with ATP and UTP (but not with ADP) in rat hepatocytes, where both P2Y 1 and P2Y 2 receptors were shown to be expressed endogenously (Dixon et al., 2000) .
Regulation of P2Y1 receptor mRNA synthesis in muscle and spinal cord
A single transcript (ϳ3.2 kb) for the P2Y 1 receptor was found in Northern blots of chick muscle and spinal cord RNA. This was true for embryonic day (E) 18 post-hatch and adult muscles (Fig.  5A) , expanding the original finding of Webb et al. (1993) . In E7 spinal cord, this P2Y 1 mRNA was below the detectable level. The transcript level increased significantly from E10 until hatching. Post-hatch it was initially lower (per micrograms of total RNA present) but increased considerably up to approximately day 11 and remained equally high in the adult (Fig. 5C ). Chick skeletal muscle showed a roughly similar profile to the spinal cord, but expression there was reproducibly highest in the adult (Fig. 5B) . When normalized for the amount of RNA loaded onto the gel, there was (at all stages) approximately threefold higher expression of P2Y 1 receptor mRNA in muscle than in the spinal cord.
The level of P2Y 1 receptor transcript was examined after denervation and subsequent nerve regeneration. In denervated gastrocnemius muscle of the 18-d-old chick, the level of P2Y 1 receptor transcript was decreased ϳ10-fold at day 2 after denervation (Fig. 6 ). This expression remained very low until ϳ30 d after denervation, when reinnervation begins (Ip et al., 1996) in the system used. This restored the P2Y 1 receptor mRNA expres- sion thereafter (Fig. 6) . To assess the effectiveness of the denervation procedure, the levels of AChR ␣-subunit transcript at ϳ3.2 kb were also determined, and as is general in vertebrate skeletal muscles during denervation, this AChR subunit was greatly increased, here by Ͼ20-fold after 2 d (Fig. 6 ). This effect and the decline seen at ϳ30 d after denervation for AChR ␣-subunit mRNA expression were similar to the previously reported findings for this muscle system (Ip et al., 1996) . The same procedures were applied to the adult rat gastrocnemius muscle, with similar results (Fig. 6) . In the rat a transcript was revealed at ϳ3.6 kb, corresponding to the known rat P2Y 1 receptor mRNA. The return of the P2Y 1 receptor mRNA in the reinnervation phase began in the rat muscle before the AChR mRNA declined again. An alternative temporary interruption of the motor nerve influence, reversible nerve crush, was also used, in both the chick and the adult rat. The expression of the P2Y 1 mRNA was decreased by the nerve crush (when assessed by densitometry) to a similar extent as before, by 80 -90% in both species. The P2Y 1 mRNA returned to the normal level in the regeneration phase, and this again occurred faster in the adult rat (Fig. 6) . The effectiveness of neural interruption, and of the neural regeneration, was likewise confirmed in each crush case by the upregulation and later downregulation of the AChR ␣-subunit (Fig. 6) .
Localization of P2Y 1 receptor protein at the neuromuscular junction
The localization of P2Y 1 receptor protein in skeletal muscle was determined using a polyclonal antibody directed against the C-terminal portion of the chicken P2Y 1 receptor. The antibody recognized a protein band with an apparent molecular mass of ϳ50 kDa from cell membranes heterologously expressing the chicken P2Y 1 receptor (data not shown). The full characterization of this antibody will be published elsewhere. For control, the immunofluorescence observed with this antibody on each type of muscle section studied was completely blocked by the chicken P2Y 1 C-terminal peptide that had been used as the immunogen (data not shown). The P2Y 1 immunoreactivity was colocalized with the binding of tetramethyl-rhodamine-conjugated ␣-bungarotoxin, indicating the restricted localization of P2Y 1 receptor at the adult neuromuscular junctions (Fig. 7A) . That location of P2Y 1 receptor was revealed not only in chicken muscle, but it was also colocalized with AChR in adult rat and Xenopus muscles (Fig. 7A) . Cross-reactivity was expected because the chicken sequence used as immunogen has 86% identity to that region in the rat P2Y 1 receptor.
The extent of colocalization was also analyzed during the development of chick muscles. From E10 to E19, there was no significant colocalization of P2Y 1 receptors with the AChRs. However, a high degree of colocalization of P2Y 1 receptors with AChRs in chick muscles was revealed during later stages of development, from P20 to adulthood (Fig. 8) . A very weak staining by anti-P2Y 1 receptor antibody could still be observed in some extra-junctional areas.
Because an appreciable concentration of the P2Y 1 receptor mRNA was found in the developing and adult spinal cord (Fig.  5B) , the question arose as to whether it is located in the motor neurons there. If so, does it produce the protein for axonal transport to their terminals in the muscles, as a presynaptic Figure 6 . The transcript encoding the P2Y 1 receptor is downregulated in muscles after reversible nerve denervation or nerve crush. Gastrocnemius muscles of P18 chicks (left panels) or of adult rats (right panels) were treated as indicated. P2Y 1 receptor mRNA (at ϳ3.2 kb for chick and ϳ3.6 kb for rat) is shown in Northern blots at the indicated days after operation. The AChR ␣-subunit (at ϳ3.2 kb) in both chick and rat muscles served as an internal marker for effective nerve denervation or crush: that mRNA is greatly upregulated after denervation or nerve crush but declines to the original low level as reinnervation proceeds after the longer periods. receptor, which might contribute to the junctional concentration seen in Figures 7 and 8 . When sections of chick spinal cord were stained with the anti-P2Y 1 antibody, motor neurons (having large nuclei and cell bodies) at the ventral horn of the cord were identified and seen to be strongly stained (Fig. 7B) . Hence, at least a significant fraction of the P2Y 1 receptor translated in the motor neurons is present in the cell bodies, being partly in the region of the somatic cell membranes and partly cytoplasmic. This therefore leaves open the possibility that some is transported to become a presynaptic receptor at the terminals in the muscles. Testing this would require higher resolution, in a future electron microscope immunolocalization study when an antibody resistant to the procedures involved is obtained.
Activation or overexpression of P2Y 1 receptors induces AChR and AChE expression
A potential regulatory function of P2Y 1 receptors, to induce the expression of AChE and AChR, was explored in cultured myotubes. After the addition to the culture medium of 2-MeSADP (50 M), the expression of transcripts encoding the AChR ␣-subunit rose to a maximum of 5.7-fold the level in the ligandfree control culture; for the mRNA of the AChE catalytic subunit (ϳ4.8 and ϳ6.0 kb isoforms), a similar stimulation occurred (Fig.  9A) . A lag phase of ϳ8 hr was seen with both, and a plateau was reached by 48 hr. The lag is consistent with activation of mRNA syntheses. The results were the same with 100 M 2-MeSADP and similar at 10 M except that the level of stimulation was then lower (data not shown). ATP, ADP, and 2-MeSATP, applied for 24 hr, all gave statistically significant elevations of these mRNAs (Fig. 9B) . The time course with 2-MeSATP was also tested and found to give results for each mRNA that were indistinguishable from those in Figure 9A (data not shown) . Protection of the nucleotides from metabolism (see Materials and Methods) was applied throughout this period. The AChE protein levels were also determined during these incubations, using an AChE-specific antibody (Tsim et al., 1988) . The content of the AChE catalytic subunit (apparent molecular mass ϳ105 kDa) was increased up to 1.6-fold the control level by the application of ATP or 2-MeSATP, but not at all by adenosine (Fig. 9C) . The level of the control protein ␣-tubulin (ϳ55 kDa) was not affected by the ligands (Fig. 9C) . Suramin (100 M) was able to block completely this ATP-induced AChE protein synthesis. Myotubes secrete some of their AChE into the medium (Rotundo, 1988; Choi et al., 1998) , but all of the ATP-mediated increase in AChE protein here was within the cells, the level in the medium being unaltered (data not shown).
A more dramatic induction of AChE protein synthesis was found when the recombinant chicken P2Y 1 receptor was overexpressed in the myotubes and again activated as before by 50 M 2-MeSATP; the increase in the P2Y 1 receptor content stimulated the production of AChE protein to severalfold the control level of cells transfected with the empty vector or the level in untransfected cells stimulated likewise by the agonist (Fig. 9C) . However, although the AChE protein level was increased by ATP treatment and further by P2Y 1 receptor overexpression, the AChE enzymatic activity remained unchanged (Fig. 9C ). This behavior is parallel to that which we have found for AChE (Choi et al., 1996 (Choi et al., , 1998 in muscle cells exposed to CGRP, another regulatory factor released from the motor nerve terminals. CGRP was known previously to increase the expression of AChR subunits in cultured muscle cells (New and Mudge, 1986; Fontaine et al., 1987; Moss et al., 1991) . When myotubes are stimulated by CGRP, AChE mRNA and protein increase as here, but the enzymatic activity does not (Choi et al., 1998) .
To confirm that these stimulations arise directly from ATPinduced gene activation, the promoters of the human AChE catalytic subunit and the chicken AChR ␣-subunit in a vector were tagged downstream with the luciferase reporter gene, giving the pAChE-Luc and pAChR␣-Luc constructs. When transfected into myotubes, the selective agonist 2-MeSATP induced the promoter activities in a dose-dependent manner (Fig. 10 A) . The extent and concentration-dependence of the 2-MeSATP activation were identical for the AChE and the AChR gene promoters (Fig. 10 A) . The conclusion that this intracellular effect on the two specific gene promoters is mediated through the P2Y 1 receptor on the cell membrane was further tested by using the aforementioned P2Y 1 receptor-specific antagonist, A3P5P. A3P5P (50 M) gave a significant block of the action of either ATP or 2-MeSATP. The general P2 antagonist, suramin (50 M), was also effective in blockade (Fig. 10 B) . Furthermore, when either pAChE-Luc or Figure 7 . Chick pectoral muscle was used from embryonic day 10 (E10) to post-hatch day 45 (P45). The percentage of colocalization between P2Y 1 receptors and AChRs was determined manually (see Materials and Methods) after revealing AChR staining first, and then shifting the red fluorescence filter to green for the detection of P2Y 1 receptor staining. Data are mean Ϯ SEM values, from counts over five or six fields from each of 10 sections from four animals. Scale bar, 10 m.
pAChR␣-Luc was cotransfected as above with cDNA encoding the chicken P2Y 1 receptor and stimulated (with either 2-MeSATP or 2-MeSADP), a dramatic increase in luciferase activity was produced. This increase in luciferase activity was doubled (to reach approximately eightfold the basal level, for pAChE-Luc) when the P2Y 1 -plasmid concentration was increased from 1 to 2 g per well (Fig. 10C) . In this case, the effect on the AChE gene promoter was greater. Again, both AChE and AChR ␣-subunit gene activation induced by P2Y 1 receptor overexpression were blocked by suramin in a dose-dependent manner (Fig. 10C ).
DISCUSSION
The P2Y 1 receptor in skeletal muscle P2Y 1 is clearly an abundant receptor of skeletal muscle. The P2Y 1 receptor mRNA was already known to be strongly expressed in chicken (Webb et al., 1993) and human (Ayyanathan et al., 1996) adult skeletal muscles; this mRNA was also noted (Meyer et al., 1999a) in chick embryo limb buds. Here we demonstrate the mRNA (Fig. 5) and protein (Figs. 7, 8) of the P2Y 1 receptor in adult rat and amphibian muscles, and in chicken muscle cells at all stages from E10 to the adult. A functionally significant finding is that in developed muscle these P2Y 1 receptors are localized to the neuromuscular junctions (Figs. 7, 8 ). This could provide a molecular basis for the postsynaptic potentiating effects of the ATP that is co-released with acetylcholine (see introductory remarks), effects that in avian and mammalian developed muscle show characteristics of a second messenger system (Henning, 1997) . We could not distinguish in the light microscope between postsynaptic and presynaptic sites for the P2Y 1 receptors, but we deduce that at least many of these are postsynaptic, because (1) here these receptors were also found in active . This procedure was also applied (last lane) to myotubes that were supertransfected with cDNA encoding the chicken P2Y 1 receptor (1 g total DNA per well) and exposed to 50 M 2-MeSATP as above. The stimulation by ATP or 2-MeSATP of AChE protein formation in these cells was quantitated on the blots by densitometry. Samples of the same ligand-treated cell cultures were extracted and assayed for AChE enzyme activity. Values are expressed as in A, for either the AChE enzymatic activity or the AChE protein content. As a marker of sample protein, ␣-tubulin protein (ϳ55 kDa) was detected by its antibody in the same gel lane in each case and quantitated similarly. Its amount was approximately the same in all samples, and it was unaffected by the ligands (data not shown). The same analyses were also performed on the myotubes that were supertransfected with a vector encoding the P2Y 1 receptor cDNA (last set), with the control level being that in cells transfected with the vector alone and without ligand added. Changes from the control level are significant at p Ͻ 0.01 (asterisk) by t test. All data are mean Ϯ SEM values from four independent experiments. form on myotubes in the absence of neurons; (2) although at neuromuscular junctions a presynaptic effect of ATP on acetylcholine release is known, this can be primarily accounted for by its hydrolysis by nucleotidases to adenosine, that effect being abolished by A1 receptor antagonists and mimicked by adenosine (Redman and Silinsky, 1994; Fu et al., 1997; Henning, 1997) .
A role in the expression and maintenance of junctional AChR and AChE
Our results suggest that an important function of extracellular ATP and its P2Y 1 receptor on skeletal muscle is to participate in the control of postsynaptic gene expression of AChE and AChR. Thus, application of P2Y 1 -selective agonists such as 2-MeSADP on myotubes induced the expression of the AChE catalytic subunit and of the AChR ␣-subunit. This was in parallel with the P2Y 1 receptor-mediated stimulation of inositol phosphate formation and of Ca 2ϩ mobilization from intracellular stores, as well as a newly detected P2Y effect, the output of H ϩ ions (Fig. 3) . All of those responses were blocked by a P2Y 1 -specific antagonist. Second, introduction of an excess of the P2Y 1 receptor greatly increased the expression of AChE protein. Third, the promoters of both the AChE and the AChR␣ genes exhibit positive control by P2Y 1 receptor activation in a dose-dependent manner. Fourth, that latter effect was magnified, dose dependently, by overexpression of the recombinant chicken P2Y 1 receptor.
P2Y 1 receptor expression rises strongly at the late embryonic period of neuromuscular junction formation and is highest in adult muscle, and the protein is concentrated at those junctions in adult life (Figs. 5, 7, 8) . The neural release of ATP onto a muscle cell at the synapse is likewise continuous throughout postembryonic life. Similarly, the synthesis in muscles of the junctional AChR and AChE remains high in the adult (Duclert and Changeux, 1995; Krejci et al., 1999) . The evidence just summarized on the expression of AChE and AChR suggests, therefore, a trophic function of the extracellular ATP/P2Y 1 receptor system in the maintenance of those two components of the junction. Such an action would have to be integrated with concurrent regulation by other nerve-derived agents, e.g., CGRP and neuregulin (see introductory remarks). The expression in the multinucleated mature muscle fibers of synaptic AChR and of the heteromeric synaptic form ("A 12 ") of AChE is compartmentalized to the subsynaptic nuclei (Sanes et al., 1991; Tsim et al., 1992; Jasmin et al., 1993; Duclert and Changeux, 1995; Krejci et al., 1999) , implying that intracellular signals from the membrane to those nuclei (Schaeffer et al., 1998) mediate the maintenance of those synaptic forms. Furthermore, specific isoforms of PKC [a kinase family established to be activable in cells by the P2Y 1 receptor (Sellers et al., 2001) ] are also localized under the neuromuscular junctions (Hilgenberg et al., 1996) . In support of such a maintenance role of the muscle P2Y 1 receptor, we can refer to the significant observation of O'Malley et al. (1997) that continuous application of ATP stabilizes the rapidly degraded newly synthesized fraction of AChRs in rat myotubes.
Activities of nucleotides on the muscle cells attributable to the P2Y 1 receptor
Certain other P2Y subtypes acting likewise might also be present in the innervated muscle, as is known by PCR detection in adult mammalian muscle (Webb et al., 1998) but unexplored in the chicken because of limited sequence information there. However, the P2Y 1 selectivity, discussed above, of agonists and an antagonist, A3P5P, which are effective in all of the gene activation effects, plus the lack of gene effects with UTP or UDP, minimized any contribution from other subtypes, whereas the anti-P2Y 1 antibody and the effects of P2Y 1 overexpression provided positive identification.
Nevertheless, some features of the inositol phosphate and H ϩ ion responses (Figs. 2, 3) showed that P2Y receptor(s) other than P2Y 1 is indeed present on the myotubes. The response in this case to UTP, together with the higher activity of ATP relative to 2-MeSATP and 2-MeSADP, can be explained by a lesser contribution from a P2Y 2 and/or P2Y 4 receptor, as noted in Results.
The above-mentioned ligand specificity criteria also mean that . UDP or UTP (50 M) had no effect (data not shown). The antagonists reduced significantly ( p Ͻ 0.01 by t test; asterisk) the effect of agonists. C, A vector encoding the P2Y 1 receptor cDNA was cotransfected (1 or 2 g DNA per well) with pAChE-Luc or pAChR␣-Luc and after 2 d incubation and a wash was incubated as above with 2-MeSATP (50 M). The activity is expressed relative to the control level of cells in which the P2Y 1 -cDNA vector was replaced by the vector alone. Induction of each gene expression is seen, which is approximately doubled when the cDNA concentration applied is doubled (first 2 sets). 2-MeSADP (50 M) incubation of these P2Y 1 -transfected cells gave essentially the same values as with 2-MeSATP (data not shown). In the blocking experiment also shown (last 3 sets), 2 g P2Y 1 -vector per well DNA was transfected, and the incubation with 2-MeSATP (50 M) was made without (control) or with suramin (50 or 100 M). All the data are mean Ϯ SEM values for four independent experiments.
there is little or no contribution here from the P2X ion channel ATP receptors, which have been detected (see introductory remarks) on chick myotubes. Furthermore, channel responsiveness to ATP disappears in chick embryonic muscles by E17 (Wells et al., 1995) , and in parallel the P2X receptors, earlier prominent (by antibody staining), decline (Meyer et al., 1999b; Bo et al., 2000) . In rat embryonic muscles, likewise, the P2X receptors are embryonic and all are lost by P14 (Ryten et al., 2001) . This is the converse of the chick muscle P2Y 1 receptor expression (Fig. 5) . The muscle P2Y 1 receptor develops later (Fig. 5) and, alone of the nucleotide receptors known in avian and mammalian skeletal muscles, will be available to transduce long-term trophic maintenance functions of ATP.
Denervation effects and relation to AChE and AChR expression
The rapid loss found after denervation or nerve crush, in both chicken and rat muscle, of the P2Y 1 receptor transcript is a parallel to the loss of the specific synaptic (collagen-tailed) AChE isoform in chicken (Silman et al., 1979) or mammalian muscle (Weinberg and Hall, 1979; Lai et al., 1986 ) and its mRNAs (Michel et al., 1994) , which occurs after mature muscles are denervated. Both P2Y 1 receptor and synaptic AChE also are restored after reinnervation. The P2Y 1 disappearance could be attributable to loss of a trophic action of ATP, or to loss of another nerve-derived regulator such as CGRP if that can act on P2Y 1 receptor synthesis as it does (Choi et al., 1998 ) (and see above) on the synaptic isoform of AChE. ATP and CGRP are thus seen to have a trophic effect in common: CGRP induces (in cultured myotubes) the upregulation of AChE protein but in an inactive form (Choi et al., 1998) , as ATP did (Fig. 9) here. Pools of inactive and active AChE are known to occur in native muscles (Chatel et al., 1994) . The reason is unclear, but this is not unique, and a reserve of incompletely folded protein has been suggested, because heat shock (which can release chaperone activity) recovered some AChE activity in chick myotubes (Eichler and Silman, 1995) . However, the high proportion of AChE in the inactive pool, produced in myotubes during stimulation by ATP as here or by CGRP (Choi et al., 1998) , may be caused by the lack of motor innervation, because ϳ80% of AChE protein made normally in chick myotubes does not mature to the active form (Rotundo, 1988 ). Factor(s) for AChE maturation may be more available in mature innervated muscle. Although denervation obviously removes the synaptic ATP influence, the muscle AChR␣ expression, in an apparent paradox here, is increased greatly. This is, however, a long-known consequence in vertebrates, which is attributable to an independent and much stronger opposing effect of denervation, i.e., the liberation from the action potential-mediated suppression of AChR synthesis in all the extrasynaptic myonuclei (Duclert and Changeux, 1995) . This is an overwhelming effect: the content of AChR mRNAs in the muscle can increase up to 100-fold after denervation (Moscoso et al., 1995) . For synaptic AChE and for P2Y 1 receptors, there is no such de-repression of extra-junctional synthesis, so the loss of neural influence becomes evident. A working hypothesis, to be tested, is that ATP is in the same category as neuregulin (Moscoso et al., 1995; Sandrock et al., 1997; Schaeffer et al., 1998) and CGRP (Duclert and Changeux, 1995) , which act via their postsynaptic receptors to activate factors locally to enhance transcription of AChR genes specifically in the adjacent subsynaptic nuclei.
